During embryogenesis interactions between cells and extracellular matrix play a central role in the modulation of cell motility, growth, and differentiation. Modulation of matrix structure is therefore crucial during development; extracellular matrix ligands, their receptors, extracellular proteinases, and proteinase inhibitors all participate in the construction, maintenance, and remodeling ofextracellular matrix by cells. The neural cell-adhesion molecule (NCAM)-negative rat glioma cell line BT4Cn secretes substantial amounts of metalloproteinases, as compared with its NCAMpositive mother cell line BT4C. We have transfected the BT4Cn cell line with cDNAs encoding the human NCAM-B and -C isoforms. We report here that the expression of transmembrane NCAM-B, but not of glycosyl-phosphatidylinositollinked NCAM-C, induces a down-regulation of 92-kDa gelatinase (matrix metalloproteinase 9) and interstitial collagenase (matrix metalloproteinase 1), indicating that cellular expression of the recognition molecule NCAM regulates the metabolism of the surrounding matrix.
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Several in vivo and in vitro studies point to an important role for NCAM during morphogenesis-e.g., the guidance of optic nerve fibers to the optic tectum (1) and neurite outgrowth and fasciculation (2) (3) (4) . NCAM is a recognition molecule (5) that operates via both homophilic (NCAM to NCAM) and heterophilic binding mechanisms (e.g., NCAM to heparin/heparan sulfate proteoglycan and various collagens). NCAM exists in several isoforms, the main classes of which can be distinguished on the basis of their membrane association: two transmembrane forms of 180 kDa and 140 kDa (NCAM-A and -B) and one of 120 kDa (NCAM-C), which is linked to the membrane via a glycosyl-phosphatidylinositol (GPI) anchor. Also matrix metalloproteinases (MMPs) and their inhibitors are involved in many developmentally regulated processes including ovulation, embryonic growth, and differentiation (6, 7) . A disturbed metabolism of the extracellular matrix has been implicated in the pathogenesis of many diseases-e.g., tumor invasion (8) (9) (10) (12) . Because changes in cell shape often are dictated by cell-substrate adhesion, several studies have
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indicated that the substrate alone can modulate MMP expression. Thus, engagement or cross-linking of integrin receptors by monoclonal antibodies or fibronectin fragments has been shown to induce transcription of MMP-encoding genes (13, 14) .
MATERIALS AND METHODS
Cells. The rat glioma cell line BT4C was established from fetal rat brain cells after exposure to ethylnitrosurea in vivo. The BT4Cn cell line was derived from BT4C by serial in vivo passages (15) . Cells were routinely grown and passaged in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10o heat-inactivated fetal calf serum, 2 mM L-glutamine, penicillin (100 units/ml), and streptomycin (100 ,g/ml).
Transfection Procedure. BT4Cn cells were transfected using the calcium phosphate coprecipitation method with fulllength cDNA encoding the human transmembrane NCAM-B isoform (16) and the human GPI-linked NCAM-C isoform (16) inserted in sense of the eukaryotic expression vector pHl3-Apr-1-neo (17 (PBS) . After washing in PBS, rhodamine-conjugated rabbit anti-mouse immunoglobulin diluted 1:50 was added. The specimens were washed, mounted in 90%o glycerol/10%o PBS, and examined in a Leitz Ortholux microscope equipped with epi-illumination. Immunoblotting of whole-cell extracts of control and transfected cells was done essentially as described (18) by using polyclonal rabbit anti-human brain NCAM antibodies (19) phoresis in an 0.8% agarose gel, transferred to nitrocellulose membrane, and hybridized under high-stringency conditions (20) to the neomycin-resistance probe digested from pH3-Apr-1-neo.
Aggregation of Cells. Cells (106) were seeded into agarcoated six-well dishes. Each well contained 0.75% Noble agar (Difco)/DMEM. After 48 hr, aggregate formation was studied by light microscopy.
Gelatin Substrate Gel Zymography. To prepare conditioned medium, 5 x 106 cells were seeded in a 75-cm3 culture flask, grown overnight, and washed in PBS. Ten milliliters of serum-free medium (Optimem, GIBCO) was added for 48 hr and then harvested. Conditioned medium (25 ,l) was mixed with SDS/sample buffer, and proteins were subjected to SDS/PAGE in 7.5% polyacrylamide gels containing gelatin at 1 mg/ml (21) . After electrophoresis the gels were washed in 2.5% Triton X-100 for 2 hr at room temperature. The gels were placed in buffer/50 mM Tris HCl, pH 7.6, containing either CaCl2 (10 mM), EDTA (10 mM), or phenylmethylsulfonyl fluoride (2 mM). After incubation for up to 48 hr at 37°C the gels were stained with Coomassie blue. Testing the effect of pertussis toxin, 1 x 106 cells were seeded in a 75-cm3 culture flask and grown in ordinary medium supplemented with pertussis toxin at 500 ng/ml. After 2 days the cells were washed in PBS, and the medium was changed to Optimem supplemented with pertussis toxin at 500 ng/ml and processed as described.
Degradation of Native and Denatured Collagen Type I. Collagen type I was prepared from rat tail tendons and stored in 0.05% acetic acid at 4°C. Collagen was denatured by heating at 60°C for 20 min. Twenty-five microliters of conditioned medium was used for each digestion. Collagenases were activated with 1 mM p-aminophenylmercuric acetate. Native collagen digests were done at 32°C, and denatured collagen was digested at 37°C for 20 hr or 60 hr in the presence of 0.02% NaN3 to prevent bacterial growth with subsequent spurious degradation of collagen molecules over the long incubation times used in these experiments. At the end of the incubation period the entire digest was mixed with SDS/ sample buffer. The samples were subjected to SDS/PAGE in 6% polyacrylamide gels and stained with Coomassie blue. In some experiments, the electrophoresed samples were immunoprobed with affinity-purified antibodies directed against denatured collagen type I (22) .
RESULTS AND DISCUSSION
The BT4Cn rat cell line exhibits glioblastoma characteristics with respect to invasive behavior. It is derived from the BT4C glioma line, which expresses NCAM-B and -C, whereas BT4Cn does not (23) . BT4Cn cells were transfected with plasmid vectors containing cDNAs encoding NCAM-B and NCAM-C, respectively, and stable clones were isolated. As controls, cells were transfected with plasmid vector alone. All NCAM-B-and -C-transfected clones expressed NCAM isoforms ofthe expected molecular masses (140 and 120 kDa, respectively), as revealed by immunoblotting (Fig. 1A) . NCAM-C was demonstrated in the insoluble fraction of the transfected cells, from which it could be released in a soluble form by treatment with phosphatidylinositol-specific phospholipase C, indicating that it was linked to the membrane via a GPI anchor (data not shown). Control clones were tested for the presence of vector by Southern blotting using the neomycin-resistant gene as probe (Fig. 1B) . By immunofluorescence staining, cell-surface expression of NCAM-B and -C was demonstrated (Fig. 1C) . Clones in which NCAMnegative cells were seen were excluded from the study. The adhesive capacity ofNCAM-transfected clones was tested by determining the capability of dispersed cells to form microspheres within 48 hr (Fig. 1D ). All NCAM-B and NCAM-C transfectants could form microspheres, whereas control transfected cells remained dispersed. The amount of NCAM per cell was determined by ELISA and found to be 1. Proc. Natl. Acad Sci. USA 90 (1993) Proc. Natl. Acad. Sci. USA 90 (1993) 11465 0.83 ± 0.12 pg per cell. In summary, all NCAM-transfected cell lines used in this study expressed NCAM on their surfaces and could form aggregates. Six independent NCAM-B clones: B2, B4, B5, B6, B8, and B10; six independent NCAM-C clones: C101, C115, C116, C206, C215, and C218; and four independent control clones: control A, B, C, and D were used in the subsequent experiments.
In the process of characterizing these cells we observed that some of the transfectants when cultured on gels of collagen type I were able to lyse the gels over a period of 2 weeks, prompting an investigation of MMP secretion. A gelatin zymogram of conditioned serum-free medium from all cell lines, as well as from the NCAM-negative cell line BT4Cn and the NCAM-positive cell line BT4C, is shown in Fig. 2 . All cell lines without NCAM expression apparently secreted substantial amounts of 92-kDa gelatinase, whereas transfection with NCAM-B led to a significant reduction of this metalloproteinase. Transfection with NCAM-C only slightly reduced secretion of this enzyme. The 72-kDa gelatinase was secreted at identical levels in wild-type, NCAM-transfected, and control cells. Cell lysates were also submitted to zymography, but only trace activities were observed, suggesting that the decreased activity of the 92-kDa gelatinase in the medium was due to altered production of active enzyme rather than to a secretory block (data not shown). Chelation of divalent cations by EDTA led to complete inactivation of proteinase activity on the zymograms, whereas phenylmethylsulfonyl fluoride had no effect on activity (data not shown), confirming that the activity of the bands was due to metalloproteinase action.
The capacity of serum-free-conditioned medium to degrade native type I collagen was investigated by incubating rat tail tendon collagen type I with the medium at 32°C in the presence of 1 mM p-aminophenylmercuric acetate for periods up to 60 hr (Fig. 3A) . When native type I collagen was used as substrate, only faint bands corresponding to degradation products could be detected by Coomassie blue staining. However, when the degradation products were visualized by immunoblotting, a higher degradation activity was observed in media from BT4Cn cells, control transfectants, and NCAM-C transfectants than in media from transmembrane NCAM-B-transfected cells or BT4C cells (Fig. 3B) . When the media were tested for ability to degrade denatured type I collagen, extensive degradation of the substrate resulted, comparable to that observed by zymography (Fig. 3C) . One exception was medium from control clone C (Fig. 3C, lane 5) , which had a low capacity for degradation of denatured collagen I, even though the opposite was observed in the zymograms (Fig. 2, lane 5) . The reason for this discrepancy may be due to the presence of metalloproteinase inhibitors such as tissue inhibitor of metalloproteinases 1 or 2 in the medium from this particular clone. Such inhibitors will exert their effect in the incubation experiments, but not in zymography, where they will be separated from the enzymes by SDS/PAGE. Transfection of BT4Cn cells with NCAM-B changed the morphology, the cells adopting a slightly more rounded morphology than the control transfected or the wild-type BT4Cn cells. The NCAM-B-transfected cells also spread less efficiently on plastic dishes and tended to form small aggregates. Cells expressing NCAM-C and control-transfected cells resembled untransfected BT4Cn cells with regard to these properties, suggesting that the phenotypic changes observed for the NCAM-B-transfected cells resulted from the expression of NCAM-B, rather than from the transfection itself. To test whether reorganization of the cytoskeleton was involved in the differences in MMP secretion, cells were treated with cytochalasin B (10 ,ug/ml) during the preparation of conditioned medium for zymography, but this treatment did not change the pattern seen in Fig. 2 , indicating that reorganization of the cytoskeleton was of minor importance under the chosen conditions. Intercellular adhesion probably results in a series of receptor-ligand interactions with subsequent signal transduction. NCAM has been shown, in some instances, to function via transmembrane signaling. Thus, the neurite-outgrowth response to NCAM can be abolished by pertussis toxin, an inhibitor of G proteins, and this response is strongly reduced by Ca2+ channel blockers (24) . Triggering of cell-surface NCAM by NCAM antibodies (25) as well as by various NCAM fragments (26) can modulate intracellular levels of inositol phosphates, Ca2+, and pH. The fact that expression of both NCAM isoforms mediated cell aggregation, whereas only NCAM-B expression decreased secreted metalloproteinase activity, indicates that the presumed signal for this down-regulation may be transduced by NCAM-B itself. However, treatment of the cells with pertussis toxin (500 ng/ml) during preparation of conditioned medium for zymography did not change the pattern seen in Fig. 2 , indicating that if regulation of MMP results from NCAM-B signal transduction, the signal pathway differs from the one involved in NCAM-mediated axonal growth.
Several growth factors and cytokines seem to stimulate or repress responsive MMP-encoding genes, in many cases resulting in 20-to 50-fold changes in mRNA and protein levels (27) . Interleukin 1, basic fibroblast growth factor, and nerve growth factor stimulate metalloproteinase expression, whereas tumor growth factor /, and interferon y repress expression. The effect of NCAM-B expression on MMP activity might work through any of these systems, either by down-regulating a growth factor (or its receptor) belonging to the stimulatory class or by inducing a growth factor (or its receptor) in the repressive class. In the search for a connection between NCAM-mediated transmembrane signaling and metalloproteinase regulation, it is worth noting that the 72-and 92-kDa gelatinases, although similar in substrate specificity, differ in transcriptional regulation (28) .
During embryogenesis NCAM is down-regulated during migratory events. Re-expression usually occurs when target organs are reached and differentiation is initiated (29) . Thus, 
